Li-rich layered oxide cathodes attract much attention as one of the most promising cathode materials for the next generation lithium-ion batteries due to the high theory capacity. But they suffer from the poor rate capability, voltage decay and the inferior cycling stability. Herein, we propose a novel synergistic strategy to improve the electrochemical performances of Li-rich Li1.20Ni0.13Co0.13Mn0.54O2 cathode by the codoping of Na + and PO4 3-
. The simultaneous doping of Na + for Li sites and PO4 3- for Mn sites has been achieved using Na3PO4 as a dopant. The Na + and PO4 3-co-doped sample
show the enhanced high-rate performance (106.4 mAhg -1 @10C ), excellent capacity retention (93.8%@1C@100 cycles) and the mitigated voltage decay owing to the synergistic effect of Na + and PO4 3-co-doping. The synergistic mechanism has been examined by means of neutron diffraction, X-ray photoelectron spectroscopy, ex-situ X-ray absorption spectra and ex-situ X-ray diffraction. The co-doping of Na + and PO4 3- largely enlarges the interlayer spacing and suppresses the Li/Ni mixing which increases Li + diffusivity and enhances the rate capability. Meanwhile, the co-doping of Na + and PO4 3- shrinks the thickness of the slabs, weakens the TM-O covalency and alleviates the volume change in the charge/discharge process which are favorable to the layered structure stability and the cycling performances. This study presents some new insights
Introduction
Lithium-ion batteries (LIBs) have been widely used in portable devices (laptops, smartphones and so on) and also show a great potential in electric vehicles (EV) [1] [2] [3] [4] [5] [6] .
Layered transition metal oxides with a general formula LiTMO2(TM = Ni, Co, or
Ni/Co/Mn) are the most widely used positive materials in commercial LIBs 7 due to their high operating voltage and relatively high specific capacity of 140-180 mAh g -1 .
However, the traditional cathode materials with moderate specific capacities are insufficient to meet the demanding requirements in electric vehicles or hybrid electric vehicles. Hence, it's a big challenge to explore the new generation of high energy density cathode materials. The lithium-rich Mn-based layered oxide with a general formula xLi2MnO3·(1-x)LiTMO2(TM=Mn, Ni, Co), is one of the most promising candidates due to the high reversible capacity (~300 mAhg -1 ) which is almost twice as high as the commercial LiCoO2 and LiFePO4 [8] [9] [10] . The lithium-rich Mn-based oxides are reported as two different phases integrated at the scale in the oxide grains: one with a monoclinic Li2MnO3-like layered structure (C/2m) and the other with a rhombohedral LiTMO2 ( 3 R m ) 11 . These materials can achieve such a high specific capacity because the component of Li2MnO3 phase serves as an active phase when the charging potential is higher than 4.5 V versus Li/Li +12-14 . However, the lithium-rich Mn-based oxides cathodes still suffer from the critical issues: (1) low initial Coulombic efficiency in the first cycle caused by the release of oxygen and the irreversible removal of Li2O from its crystal lattice; (2) poor rate capability which is mainly caused by the low e -and Li + conductivity; (3) poor cycling stability and (4) critical voltage decay during the cycling process 15, 16 .
A few modification approaches have been employed to relieve these problems.
The elements doping is an effective method, and the foreign cations [17] [18] [19] [20] (such as Mg, Zn, Al, Ti, and so on) and anions [21] [22] [23] [24] (such as BO4 27 and so on, is another modification strategy to mitigate these unwanted issues. The coating layer protect the surface structure by suppress the side reaction between the positive electrode and the electrolyte under high voltage and it also could restrain the surface crystal structure phase transition which leads to the capacity fading.
In this work, we successfully synthesized a Na + and PO4 3-co-doped Li-rich cathode sample using Na3PO4 as the dopant. The obtained Na + and PO4 3-co-doped Li1.17Na0.03Ni0.13Co0.13Mn0.53P0.01O2 exhibits a significantly enhanced reversible capacity, rate performance (106.4mAhg -1 @10C), excellent capacity retention (93.8%@1C@100 cycles) and remarkably mitigated voltage decay. The performance enhancements can be attributed to the synergistic integration of the PO4 3-polyanions in the TM layer and Na + in the Li layer. Firstly, the cooperative doping of Na + and PO4 3- enlarges the interslab spacing which facilitates Li-ion diffusion and subsequently promotes the high-rate capability. Secondly, the cooperative doping of Na + and PO4 3- alleviates the Li/Ni mixing which is not only favorable to Li + diffusion and the rate capability but also suppresses the phase transition and improves the layered structure stability. Thirdly, the thickness of S(MO2) is shortened, and the TM-O covalency is weakened by the cooperative doping of Na + and PO4 3- , which is also favorable to stability of the layered structure and the mitigation the voltage fade. Fourthly, the volume variation of crystal lattices in charge/discharge process is also alleviated by the codoping of Na + and PO4 3-which further benefits the stability of the layered structure and cycling performance. Pristine, P-LNCM and Na3P-LNCM, respectively.
Experimental

Materials synthesis
Material characterization
The crystal structures of the as-prepared samples were characterized using an Xray diffactometer (XRD, Rigaku SmartLab CuKα) in the 2θ range of 10°-80°. Data were recorded at a step width of 0.02° and a scan rate of 10° per minute. The morphological images and detailed lattice spacing of the as prepared samples were obtained by using scanning electron microscope (SEM, Hitachi S-4800, 2kV) and high resolution transmission electron microscope (HRTEM, JEOL-2010F, 200 kV). An Xray photoelectronic spectrometer (XPS, Thermo Scientific ESCALAB 250Xi) using non-monochromated Al Kα X-ray radiation as the excitation source was used to observe the surface element composition and the chemical environment. The spectrum was calibrated with a C1s peak (284.7 eV) before analysis. X-ray absorption spectra (XAS)
were collected on the 1W1B beamline of the Beijing Synchrotron Radiation Facility (BSRF, Beijing, China). The experiments of neutron powder diffraction were performed at the research reactor BER II at Helmholtz-Zentrum Berlin für Materialien und Energie (HZB) using the fine resolution powder diffractometer FIREPOD (E9), data were collected at ambient temperature with the wavelength λ = 1.7982(1) Å.
Electrochemical Characterization
The electrochemical performances of the samples were evaluated by using Figure 1 shows the XRD patterns of Pristine, P-LNCM and N3P-LNCM. All the diffraction peaks of these samples can be well indexed to a layered α-NaFeO2-type structure with the space group of 3 R m , and the additional weak superlatttice peaks ranged from 20° to 25° can be identified with space group C2/m which is caused by LiMn6 cation existing in the transition metal layers. XRD patterns also show the clear splitting peak of (006) and (102) near 38°, (018) and (110) near 66°, which indicates that all of these samples have a well-organized structure 28 . It is well known that a diffraction corresponding to a smaller 2θ angle in the XRD pattern has a larger interslab spacing. In the layered cathode materials, a larger interslab spacing can significantly facilitate the lithium diffusion and improve the high rate capability [29] [30] [31] . The enlarged graphs of the (003) and (104) reflections taken from the corresponding powder XRD patterns indicates that the P-LNCM and N3P-LNCM have a larger interslab spacing than the Pristine, and the N3P-LNCM has the largest interslab spacing in these three samples. This phenomenon indicates that the PO4 3-was introduced into the TM layer of P-LNCM sample successfully, and Na + and PO4 3-were co-doped into the Li layer and TM layer, respectively, in N3P-LNCM. In order to get further structure information and the interslab spacing difference of these samples, we performed the Rietveld refinement with an 3 R m space group. The fitting curves and the results of Rietveld refinements are shown in Fig. 2 value of the Pristine sample is calculated to be 2.6444 Å and 2.0912 Å. After the PO4 3- was incorporated to the TM layer, the value of S(MO2) decreased to 2.6119 Å and the I(LiO2) increased to 2.1242 Å. When the Na + and PO4 3-are co-doped into the cathode material, the S(MO2) value further decreased to 2.6058 Å, and the I(LiO2) value steadily increased to 2.1316 Å, which could be attributed to the contribution integration of the PO4 3-polyanions in the TM layer and Na + in the interslab. The above analysis indicate that the cooperative doping of Na + and PO4 3-enlarge the interslab spacing which facilitates Li-ion diffusion by reducing the energy barrier of the insertion/extraction, and subsequently enhances the high-rate capability. Meanwhile, the thickness of S (MO2) is shortened by the cooperative doping of Na + and PO4 3- , which is favorable to stability of the layered structure. In addition, the TM-O bond length increases and the TM-O covalency decreases with the codoping of Na + and PO4 3-which further benefit the layered structure stability. It is difficult for X-ray diffraction to distinct light weight Li, neutron diffraction were used to detect the lithium atoms occupancies combined with Rietveld refinement. 35 Figure 3 shows Rietveld fitting results of Pristine (Figure 3a ) and N3P-LNCM (Figure 3c ) using the neutron diffraction patterns, and the corresponding Li/Ni disorder structure sketch map of Pristine (Figure 3b ) and N3P-LNCM (Figure 3d ). Figure 3 Li-ion diffusivity and the rate performance. Table 2 The Refinement results of Pristine and N3P-LNCMO based on neutron diffraction patterns. 
Results and discussion
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Figure 5 Cyclic voltammetry (CV) curves of Pristine (a), P-LNCM (b) and N3P-LNCM (c)
To compare the electrochemical redox response of these three samples, the cycle voltammetry (CV) measurements were carried out. Figure 5 shows the CV curves of Pristine, P-LNCM and N3P-LNCM. For the pristine sample (Figure 5a ), there are two clear oxidation peaks around 3.9 V and 4.6V (vs. Li + /Li) in the first anodic scan CV curve, which could be resulted from the oxidation of Ni 2+ and Co 3+ ions and the removal of Li + ions in structure accompanied with the simultaneous oxygen release, respectively 3, 37-39 . Two apparent reduction peaks around 3.7 V and 3.3 V could be clearly seen in the reversal scan, which could be attributed to the reduction of Ni 3+ and Mn 4+ . After two cycle CV curves, some changes appear. The strongest oxidation peak around 3.6 V in the first scan disappeared, which indicated the Li + was irreversibly removed from the crystal lattice. In contrast, the CV curves of P-LNCM and N3P-LNCM samples (Figure 5b and c) in the first cycle showed some differences with the Pristine curve. First, the oxidation peak at 4.6 V had a slight shift that decreased from 4.63 V (Pristine) to 4.61 V (N3P-LNCM). Although these two oxidation peaks of Pristine, P-LNCM and N3P-LNCM were similar, the relative ratio of these two peaks had a apparent difference. The ratio of the oxidation peak current I(4.6V)/I(3.9V) was defined as R, and the R value for Pristine, P-LNCM and N3P-LNCM is 2.032, 2.025 and 1.131, respectively. According to a previous research 37 , the oxidation peak around 4.6 V was caused by the irreversible electrochemical reaction, and the low I(4.6V)/I(3.9V) value indicates a stable structure with an alleviated oxygen loss at the high potential region, which suggests that the Na + and PO4 3-co-doping may make less structural changes and benefit the cycling stability. In order to clarify the surface elements composition and valences of Pristine, P-LNCM and N3P-LNCM, X-ray photoelectron spectroscopy (XPS) measurements were performed. As shown in Figure 6 (a), P, O, Ni, Co, Mn and C elements were detected.
In compared the Pristine, the central P 2p peak is detected at 133.5 eV in P-LNCM and N3P-LNCM samples indicating the presence of phosphate polyanions 40 . It is well known that XPS could only detect the elements on the surface within about 10 nm 41 .
The intensity of the P 2p peak is very weak. Figure 6c shows charge-discharge state was associated to the energy of the spectrum [42] [43] [44] [45] . The Ni K-edge XAFS spectrum in Fig 7(a) indicates that compared with the pristine sample, the energy of the spectrum shifted to a higher energy when it is charged from 4.3V to 4.8V which can be attributed to the oxidation of Ni 2+ to Ni 3+ and Ni 3+ to Ni 4+ , and the energy of the spectrum gradually shifts to a lower energy when it is discharged from 4.8V to 2.0V
indicating the reduction process of the nickel ions from Ni 4+ to Ni 2+ which are in well agreement with the CV curves( Figure 5 ). Figure 7(b) shows the Co K-edge XAFS spectrum, the line peak shifts to the higher energy side slightly when charged to 4.2V, with further charging to 4.8V, a remarkable shape variation was detected in the spectra which could be attributed to the oxidation of Co 3+ to Co 4+ , and when it discharged from 4.8V to 2.0V, the energy of the spectrum gradually shifts to a lower energy indicates the reduction of Co 4+ to Co 3+ . The Mn K-edge XAFS spectrum shown in Fig 7(c) does not show an apparent shift, which indicates the valence state of manganese ion is invariant. Figure 8 Rate capability of pristine, P-LNCM andN3P-LNCM at different rates. 1C=250 mAh g -1
To study the effects of PO4 3-doping and Na + and PO4 3-co-doping on the rate capability of LNCM, the capability of pristine, P-LNCM and N3P-LNCM was tested under different current densities. The electrochemistry window was set from 2.0 V to 4.8V and the charge-discharge tests was carried out at different current densities of 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, 5 C, and 10 C (1 C = 250 mAh g -1 ), respectively. The relative rate data were summarized in Table 3 . All the samples were carried out an activated procedure at 0.05 C for 2 cycles before the testing. As is shown in Figure 8 , the P-LNCM electrode showed a relative lower reversible capacity at 0.1 C and 0.2 C, compared with the pristine sample, but it displays a slightly higher reversible capacity at 1 C, 2 C, 5 C and 10 C. The N3P-LNCM electrode showed a better rate performance than the pristine sample, especially at 10 C, it delivered a discharge capacity of 106.4 mAh g -1 while the pristine was only 78.6 mAh g -1 . These results indicate that Na + and PO4 3-co-doping can improve the high-rate capability of the N3P-LNCM sample which can be largely attributed to the increase of the interslab spacing and the suppression of Li/Ni mixing. To further study the effects of PO4 3-doping or Na + and PO4 3-co-doping on the cycling performance and the voltage decay, the Pristine, P-LNCM and N3P-LNCM electrodes were cycled at 1 C and 10C between 2.0 V to 4.8 V. Before cycling, the electrodes were activated at 0.05 C for 3 cycles. As is shown in Figure 9a , at the current density of 1 C the initial discharge capacity of the Pristine, P-LNCM and N3P-LNCM sample is 171.5, 171.3 and 188.1 mAh g -1 , respectively. After 100 cycles, the Pristine delivers 147.2 mA g -1 with a capacity retention of 85.8%. In contrary, after a 100 cycles, the discharge capacity of P-LNCM and N3P-LNCM is 154.2 and 176.5 mAh g -1 ,
respectively, with a capacity retention of 90.0 and 93.8%. At a high current density of 10C, the cycling performance of P-LNCM and N3P-LNCM is much better than the Pristine sample as shown in Figure 9b . At a current density of 10 C, the N3P-LNCM still shows 65.2 mAhg -1 with a capacity retention of 64.8% after 400cycles. But the discharge capacity of Pristine electrode sharply decreased to 21.5 mAhg -1 with a capacity retention of only 24.8%.
Voltage fading is another critical issue for Li-rich layered oxides cathode materials.
As shown in Figure 9c , the discharge medium voltage of Pristine sample decreases from 3.47 to 3.07 V after 100 cycles at current density of 1 C, but for the P-LNCM and N3P-LNCM electrode, it decreases from 3.50 to 3.17 V and 3.62 to 3.39 V, respectively. Figure 9d shows the discharge medium voltage change of these three samples after a 400 cycles at current density of 10 C. It can be clearly seen that the discharge medium voltage of Pristine decreased sharply from 3.08 to 2.39 V, while the voltage decay of P-LNCM and N3P-LNCM electrode was alleviated, especially for the N3P-LNCM electrode decreases from 3.34 to 2.98 V. It is reported that the voltage fading is mainly caused by the TM cation migration and dissolution which could cause phase transformation from the layered to spinel structure 46 . Therefore, the PO4 3-doping or Na + and PO4 3-co-doping could suppress the phase transition and alleviate the voltage fading, which can be attributed to the stabilization of PO4 3-doping on the layered structure. Figure 10 The change of the unit cell volume for Pristine and N3P-LNCM at different charge-discharge states.
To further study how PO4 3-doping improves the stability of the layered structure, we tested the XRD patterns and calculated the volume variation of Pristine and N3P-LNCM electrodes at different charge and discharge states. It has been reported that the decrease of the TM-O covalence could drop the top of the O2p band which results in more stable oxygen ions at high voltage, and the decrease of TM-O covalence during the charge/discharge process are favorable for the stabilization of the layered structure [47] [48] [49] . Figure 10 shows the change of the unit cell volume of these two samples during the charge/discharge process. Compared with the Pristine electrode, the variation of unit cell volume is obviously relived after the Na + and PO4 3-polyanions co-doping. This result reveals that the decrease of TM-O covalence could mitigate the lattice change during the charge/discharge process which is favorable to stabilize the layered structure. And the TM-O bond length of N3P-LNCM is decreased which has been verified by the XRD and XPS shown in Table 1 and Figure 6 .
Figure 11 Nyquist plots for Pristine, P-LNCM and N3P-LNCM
The EIS measurement is usually carried out to get further detail information about electrode/electrolyte interface. The charge transfer resistance is reflected by the half circle located in the high frequency range and the Li-ion conductivity (DLi) is reflected by the straight line in the low frequency range reflects 50, 51 . Here we use it to obtain the charge transfer resistance and calculate the Li-ion conductivity of the Pristine, P-LNCM and N3P-LNCM. As shown in Figure 11a , the Rct of the Pristine, P-LNCM and N3P-LNCM is 315, 281 and 279, respectively. We deduce that the significant decrease of the resistance of Rct for P-LNCM and N3P-LNCM is caused by the incorporation of PO4 3-polyanions in the TM layer and Na + in the interslab which could enlarge the interslab thickness and stabilize the TM slab. The Warburg constant which is an important constant to influence the Li-ion diffusion (DLi) could be calculated by a linear relationship with Z' vs ω -1/2 as shown in Figure 11b . Warburg constant for Pristine, P-LNCM and N3P-LNCM is 120. 45 
Conclusion
In summary, Na + and PO4 3-have been successfully co-doped into the Li and TM crystal sites of Li-rich layered oxides cathodes, respectively, using Na3PO4 as a dopant.
Compared with the Pristine and the P-LNCM sample, the interslab thickness of N3P-LNCM increased from 2.0912 to 2.1316Å, while the slab thickness decreased from 2.6447 to 2.6058Å. The charge-discharge data demonstrates that the N3P-LNCM doped with Na + and PO4 3-has a higher rate capacity( 106.4 mAhg -1 at 10C ), excellent capacity retention (93.8%@1C@100 cycles) and the voltage decay has also been mitigated.
These enhancements can be attributed to the synergistic effect of Na + and PO4 3-codoping. Na + and PO4 3-co-doping increases the interlayer spacing and suppresses Li/Ni mixing, which facilitate the Li+ diffusion and high-rate performance. In addition, Na + and PO4 3-co-doping shrinks the thickness of the slabs and weakens the TM-O covalency, which is further favorable to the structure stability and the enhancement of cycling performance. Thirdly, Na + and PO4 3-co-doping also alleviates the volume change during charge-discharge process and stabilizes the layered structure. The proposed integrated strategy of the synergistic doping of foreign elements in different sites can also be used to modulate other cathode materials for lithium-ion batteries.
